Eliminating Turbulence in Spatially Intermittent Flows
Flows through pipes and channels are the most common means to transport fluids in practical applications and equally occur in numerous natural systems. In general, the transfer of fluids is energetically far more efficient if the motion is smooth and laminar because the friction losses are lower. However, even at moderate velocities pipe and channel flows are sensitive to minute disturbances, and in practice most flows are turbulent. Investigating the motion and spatial distribution of vortices, we uncovered an amplification mechanism that constantly feeds energy from the mean shear into turbulent eddies. At intermediate flow rates, a simple control mechanism suffices to intercept this energy transfer by reducing inflection points in the velocity profile. When activated, an immediate collapse of turbulence is observed, and the flow relaminarizes.
A t low velocities, the motion of fluids is well ordered and takes the form of parallel layers that progress downstream without mixing. Once flow rates are sufficiently large, however, this laminar flow gives way to highly disordered turbulent dynamics. The likelihood of a flow to be turbulent can be estimated from the Reynolds (1) number Re = ŪD/v, which is a measure of the ratio of inertial to viscous forces [Ū and D (the pipe diameter) are a typical velocity and length scale of the flow, respectively, and v is the kinematic viscosity of the fluid (2)]. Consequently, large-scale flows with high velocities (such as wind gusts or ocean currents) are strongly turbulent, whereas flows at low velocities or on small scales are laminar. For turbulence to arise, an instability mechanism is required that transfers kinetic energy from the mean flow into eddies and cross flows. For convective or rotating systems, such instabilities can often be directly deduced from the linearized governing equations. However, for many shear flows (such as pipe, duct, or channel flows) the same approach has failed to predict the experimentally observed transition to turbulence (3) (4) (5) . It has been shown that the transition process strongly depends on the magnitude of perturbations (6) (7) (8) (9) , but a detailed understanding of the underlying energy transfer mechanism is still lacking.
In natural and industrial processes, turbulence can have unfavorable and even detrimental effects, so means of suppressing the accompanying erratic velocity and pressure fluctuations have important practical implications. The energy dissipation and skin friction of turbulent flows are much larger than those of laminar ones, and consequently the fluid transport is far less efficient if flows are turbulent. Particularly large pressure and shear stress fluctuations occur in the transitional regime, in which the flow switches intermittently between turbulence and laminar. This erratic dynamical behavior can lead to increased structural vibrations (10) and the damaging of equipment; in the case of arterial blood flows, this behavior is believed to be one cause for the growth and ultimately the rupture of aneurysms (11, 12) . For shear flows, a number of active and passive control strategies (13) (14) (15) (16) (17) (18) have been suggested in the past in an effort to reduce the turbulent drag toward its laminar value. Although many of the concepts are very promising and locally lead to a drag reduction, the control costs are typically much higher than the energy gain, and to our knowledge none have led to a complete relaminarization of turbulence in practice. Evidence that such a transition from turbulent to laminar flow may even be achieved at minimal energy cost was found in recent studies (19, 20) that surprisingly show turbulence can decay after extremely long times. These observations suggest that the turbulent and laminar states may remain dynamically connected instead of being separated by a large potential well as previously believed. The aim of this study is to extract the instability mechanism regenerating turbulent eddies in spatially intermittent flows and to force turbulence to decay by intercepting this mechanism.
In smooth pipes of circular cross-section, turbulent flow structures with an appreciable lifetime can first be observed at Reynolds numbers of~1700 (19, 20) . In this transitional regime, turbulence occurs in localized patches, or "puffs" (21) , which have a length of about 30 D and are advected downstream at a fixed velocity (close to the mean flow velocity Ū). In laboratory experiments, the velocity field of such puffs can be recorded by using a stereoscopic particle image velocimetry (PIV) system (LaVision GmbH, Göttingen, Germany). A cross-sectional plane of the pipe (normal to the axial direction) is illuminated by a laser light sheet, and the fluid is seeded with spherical, neutrally buoyant particles (~13 mm in diameter). The measurement technique is identical to that described in (22, 23) , and in the present setup all three velocity components could be obtained instantaneously at approximately 2000 points equally spaced over the cross section. The pipe has a total length of 12 m and is made of 1-m-long segments of precision glass tubing with an inner diameter of D = 30 (T 0.01) mm.
The specially designed pipe inlet and the smooth connection between pipe pieces ensured that here, unlike in ordinary pipes, flows remained laminar for Re < 5000. This allows the creation of turbulent puffs in a controlled manner by injecting a jet of water through a 1-mm hole in the pipe wall into the fully developed laminar flow. In order to ensure that any initial transients have decayed, the developing puff was left to evolve for 200 time units (D/Ū) before PIV measurements were carried out at the corresponding downstream position. The axial velocity component at the pipe centerline (U c ) during the passage of a turbulent puff is shown in Fig. 1A . Upstream of the turbulent puff [L/D < -5, where L is the axial distance ( Fig. 1A) ], the flow is laminar and fully developed with U c = 2Ū. At the upstream (rear) laminar turbulent interface (L/D = 0), the centerline velocity drops very sharply and then fluctuates over a length of 5 to 10 L/D. Further downstream (Fig. 1A, left) , as the fluctuations cease U c gradually returns to its laminar value of 2Ū. As shown in Fig. 1A (inset), across this interface the velocity profile adjusts from the upstream parabolic shape (shown in green) to the average turbulent profile (shown in red). The mismatch of the azimuthally averaged velocity profiles in the laminar (green) and turbulent (red) region strongly distorts the profile at the interface: The upstream laminar fluid has to decelerate in the central part of the pipe and accelerate close to the wall, which gives rise to inflection points in the velocity profile (Fig. 1A , inset, blue profile). The latter fulfills Rayleigh's inflection point criterion (24) , thus suggesting a hydrodynamic instability (25) which drives the turbulent dynamics.
At the location of the strongest inflection point, the centerline velocity shows a sudden drop (Fig.  1A) , whereas the turbulent kinetic energy shows a sharp increase (Fig. 1C) , supporting the proposed hydrodynamic instability. Close inspection reveals that streamwise vortices are generated at the same location (movie S1). In order to quantify the motion and production of such streamwise rolls within the turbulent puff, we considered the vorticity transport given by the cross-sectional average of the product of the magnitude of the axial vorticity and the motion in the axial direction relative to the mean velocity: 〈jw z jðu z − U Þ〉 (Fig. 1B) . The zero crossing of this quantity [at L/D = 0 ( Fig. 1) ] pinpoints the location of vorticity production: To the left of this point, vorticity travels downstream relative to the mean flow [〈jw z jðu z − U Þ〉 > 0], whereas to the right eddies in the near-wall region move upstream [〈jw z jðu z − U Þ〉 < 0] and penetrate and distort the ensuing laminar flow. In doing so, they sustain the inflection points, which in turn cause the instability (located at L/D = 0) that regenerates vorticity. Because the time evolution of the turbulent structure is not accessible in the experiment, highly resolved direct numerical simu-lations were carried out in a long periodic domain (50 L/D). This allows a detailed investigation of the instability mechanism and in particular enables time-averaging of the vorticity transport as well as the kinetic energy (Fig. 1C) . The strength of the inflection point was determined from the curvature change of the profile (26) . As shown in Fig. 1C , the strongest inflection point indeed coincides with the location of the vorticity production and a very sharp increase in the turbulent kinetic energy, which reaches a peak~2 D downstream. This confirms our proposition that turbulence is indeed sustained by an inflection point instability, and the localized nature of this process is substantiated by the clear exponential decrease of the kinetic energy in the up-and downstream direction (Fig. 1C, green curve) . Unlike the elongated turbulent eddies and streaks, the inflection point is spatially distinct, enabling a local manipulation of turbulence that potentially can be carried out at much lower energy costs.
The currently believed mechanism (27-29) driving turbulent spots and puffs is based on socalled parent-offspring scenarios (30) for the vorticity production: Existing vortices seed new ones by means of roll-up or hairpin recreation processes. Some vortices indeed roll up at the upstream interface (L/D < 0) and progress downstream, as suggested in (27) . The vast majority of vortices in this region (0 < L/D < -5), however, are traveling upstream with respect to the mean flow ( Fig.  1C and movie S1) and are therefore not created through roll-up but instead emerge directly from the inflection point. Inflectional instabilities have been suggested to play an important role in several proposed turbulence regeneration mechanisms in higher Reynolds number flows (30) (31) (32) . Although they differ in various details (mainly the vortex regeneration), they also share certain features with the mechanism described here. In all cases, streamwise vortices distort the velocity profile by moving slow fluid from the wall to the center (lift-up mechanism), giving rise to inflectionally unstable streaks. The susceptibility of laminar pipe flow to inflection points and the resulting transition to turbulence via azimuthal modes (the direct creation of streamwise vortices at an inflectional instability) has been demonstrated in (33) and is in excellent agreement with the vorticity production observed in the present study.
To test the proposed manipulation of the localized instability, fully resolved computer simulations of a turbulent puff at Re = 1900 have been carried out. The simulations are based on a spectral code (34) with more than 4 × 10 6 degrees of freedom for a 50-D-long pipe. This resolution ensures that all scales are fully resolved at the Reynolds numbers considered and, as demonstrated with a similar numerical scheme, that excellent agreement is found with experiments (35) . A localized forcing (26) co-moving with the puff was employed at the rear turbulent-laminar interface. The forcing locally reduces the downstream velocity in the central part of the pipe and increases that in the near-wall region (keeping the mean velocity and thus Re constant). Hence, the parabolic profile is distorted to a plug-like profile, reducing the sudden change of the axial velocity across the rear of the puff. The forcing is active only over a section of less than 7 D in length, and the maximum change in the center line velocity in this region is 15%. The vorticity of the puff before applying the forcing is shown in Fig. 2 (top). The magnitude of the vortices decreased significantly 30 time units later [time (t) = 80 in Fig. 2] , and at t = 110 they almost completely disappeared. Equally, the turbulent kinetic energy (Fig. 2, bottom) continuously decreases subsequent to the localized distortion of the velocity profile at the laminar turbulent interface. After 125 time units, the turbulence has diminished beyond recovery, and even when the forcing is switched off the flow continues to relaminarize.
Because in experiments a distortion of the profile at the turbulent laminar interface cannot be as readily implemented as in the simulations, we chose a different method. The velocity profile at the rear end of the puff was distorted by inducing a second turbulent puff several D upstream of the original one (Fig. 3) . Although the fluid in between the two puffs was not turbulent, the short distance between them was insufficient to allow a parabolic profile to fully develop. Directly upstream of the leading puff [L/D ≈ 6 (Fig. 3)] , the profile has a lower centerline velocity (U c < 2Ū) than does a fully developed laminar flow. Hence, the sudden change in the axial velocity at the rear of the leading puff is reduced. As indicated by the dotted lines, the velocity changes are equivalent to those found when the forcing is applied in the numerical simulations. Comparing the azimuthally averaged velocity profile at the rear of the leading puff (L/D ≈ 6) with that of the upstream puff (L/D ≈ 12) (Fig. 3B, left) , it is evident that the inflection point at the rear of the downstream (26) is shown in red, the vorticity transport in black, and the turbulent kinetic energy in green. The latter is plotted on a log-linear scale.
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on May 20, 2010 www.sciencemag.org puff has diminished. As in the numerical simulations, the instability ceases, and the front puff eventually decays, whereas the rear one survives. The apparent dependence of spots of turbulence on adjacent laminar regions allows us to develop a control method for the spatially intermittent flow regime: By applying a sufficiently strong perturbation at a fixed location in the pipe, the laminar segments separating the turbulent spots are disturbed. As a result, the fluid at this "control point" is uniformly turbulent. As the turbulent eddies travel downstream, they are followed by equally turbulent fluid and are lacking any laminar turbulent interfaces in the vicinity where sufficiently strong inflection points could develop. Consequently, the energy transfer mechanism is subdued, which in turn leads to a steady decay of the turbulent intensity downstream of the control point.
In order to implement this control in the experiment, an intermittent flow was created at Re = 2000 by the addition of a small perturbation to the pipe inlet that periodically generates turbulent puffs. In ordinary pipes lacking the smooth inlet conditions of the laboratory setup, laminar-turbulent intermittency occurs naturally at 1700 < Re < 2500. These experiments were carried out in a D = 10 (T0.01) mm pipe of length L/D = 600, which otherwise was identical to the setup described above. To visualize the fluid motion, tracer particles were added to the water. Turbulent regions can be clearly distinguished from the laminar ones (Fig. 4A) . The time evolution of the intermittent flow was captured by sampling images 150 D downstream of the pipe entrance at 25 Hz, and the gray values of each image were averaged across the pipe radius and plotted in a space-time diagram (Fig. 4B) . The (almost) vertical stripes in Fig. 4B constitute the periodic passage of turbulent puffs at this location (the slight tilt of the stripes results from the puff's advection velocity). A further 100 D downstream, the flow could be manipulated by the continuous injection and simultaneous withdrawal of water through two small holes in the wall (Fig. 4) . In the initial phase of the experiment, before the control had been actuated, turbulent puffs appeared periodically upstream (Fig. 4B ) as well as downstream (Fig. 4C) of the injection point. The control was triggered after 40 s and kept on for the remainder of the experiment. The space-time diagram constructed from images captured 150 D downstream of the injection point (Fig. 4C ) reveals that initially turbulent puffs occur at the same rate as upstream of the control point. Shortly after the control is turned on, the fluid emerging from the manipulated zone is uniformly laminar, as revealed by the disappearance of the stripes in Fig. 4C . The pressure difference required to pump fluid through the remainder of the pipe is reduced to the laminar value (Fig. 4D) , and the pressure fluctuations fully disappear. A similar drag reduction is achieved when applying the same method to an intermittent flow in a channel (of height H = 4 mm and width W = 120 mm) and a square duct (H = 8 mm) in the intermittent regime (Fig. 4D) . Because of its localized nature, the cost of this flow manipulation is low: The energy gained from eliminating turbulence is approximately five times larger than the cost, depending on Re and the details of the applied perturbation.
Although this very simple strategy works well for sufficiently small Reynolds numbers (Re < 2000 in pipes, Re < 1400 in channels, and Re < 1800 in ducts), it becomes less efficient as Re increases, and it fails once the regime of spatially expanding turbulence is reached (Re ≥ 2500 in pipes). In numerical simulations of pipe flow, however, it is possible to apply a volume forcing of larger amplitude along the entire pipe and turbulence still decays (fig. S3 ). The drag can be The red line corresponds to the puff when no control strategy is applied, whereas the black line shows the effect of applying the forcing (the circles correspond to the time instants when the snapshots of the top panel have been taken). The forcing is introduced at t = 50, and its intensity is exponentially increased until it saturates at about t = 100 (blue dashed line). reduced by more than a factor of two, suggesting that even at these larger Reynolds numbers turbulence is still driven by inflectional instabilities. In laboratory experiments, such a spatially extended volume forcing is unfortunately not readily available, and hence the necessary distortion of the flow profile cannot be easily implemented in fully turbulent flows. An exception are electrically conducting fluids, such as liquid metals or plasmas, in which velocity profiles can be manipulated by magnetic fields.
We have identified a mechanism that constantly converts energy from the mean shear into turbulent eddies, and these insights into the energy transfer have been exploited to eliminate turbulence in intermittent shear flows.
